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Drug releaseThis paper presented a novel and effective route to prepare oligosaccharide–polypropylene oxide (PPO) surfac-
tant and use thereof to synthesize graft copolymer oligosaccharide–PPO–docetaxel (DTX). The products were
characterized byGPC, FTIR and 1HNMR. Surface tensions of oligosaccharide–PPO surfactants had been investigat-
ed using the Du Noüy and steady-state ﬂuorescence methods. The results revealed that the degree of polymeri-
zation of the soluble oligosaccharide, which was tailored from cotton cellulose in phosphoric acid medium, was
equal to 7; the oligosaccharide–PPO surfactant possessed good surface activity while the adduct number of pro-
pylene oxide reached to 20; theDTXwas completely dispersed inwatermediumwith oligosaccharide–PPO–DTX
micelle and the drug-loading rate reached 32.6%, which showed great potential for clinical application and was
worthy of further research.
© 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Cotton cellulose is a kind of natural cellulosewhich consists of glucose
unit connected byβ-1,4 glycosidic bond [1]. The degree of polymerization
(DP) of cellulose usually reaches to 15,000 [2], and the hydroxyl groups in
the molecular chain of cellulose may perform a difﬁcult accessibility for
reagent, which results in inert reactivity of cellulose. Fortunately cellulose
can be tailored to soluble oligosaccharide [3],which enhances reactivity of
hydroxyl groups. Qiu [4] took maltoheptaose DPW≈7
 
directly grafted
withhydrophobic polycaprolactone toprepare an amphiphilic biodegrad-
able oligosaccharide-based graft copolymer. On the other hand, oligosac-
charide is a non-starch polysaccharide, similar with soluble dietary ﬁber.
Soluble oligosaccharide can be hydrolyzed by enzymes from speciﬁc bac-
terial genera in the colon, and has been indicated to contribute to human
health for people suffering from bowel dysfunction [5]. These features of
soluble oligosaccharide tend to be a useful characteristic for a carrier of
drug in medicine.
Docetaxel (DTX), one of the best antineoplastic drugs, has excellent
therapeutic effects against a wide spectrum of cancers including ovari-
an, breast, and colon cancers [6]. However, it has limited solubility in
water (0.3 mg/L at 37 °C), making the application of DTX in cancer ther-
apy difﬁcult. Taxol is the only formulation available for clinical use,
where DTX is dissolved in a 50:50 mixture of Cremophore EL
(polyethoxylated castor oil) and dehydrated alcohol [7]. This is known
to create serious side effects including hypersensitivity reactions,
cardiotoxicity, and neurotoxicity. Thus, various polymer-based carrierspen access article under the CC BY-Nlikemicrospheres [8], andmicelles [9] have been exploredwith a grow-
ing need to develop an efﬁcient delivery system. However, one major
problem associated with conventional polymeric micelles was inefﬁ-
ciency in DTX loading because of its strong tendency of self-assembly
into macroﬁbers, and DTX loading level was around 2–3% in weight.
Therefore, there is a need to design a unique polymer architecture so
that it can break down the self-assembly of DTX and promote the load-
ing of DTX into the cores of the micelles.
In thiswork,wepresented that itwas possible to transform cotton cel-
lulose into soluble oligosaccharide. The routewas simpler and faster com-
pared with photo-induced degradation or enzymatic process method
[10]. The soluble oligosaccharidewas developed for amphiphilic oligosac-
charide–polypropylene oxide (PPO) [11] surfactant by glycosylation be-
tween the terminal hydroxyls of soluble oligosaccharide and propylene
oxide (PO), and addition reaction by ring-open reaction of PO. Finally
the surfactant was applied to hydrophilic modiﬁcation of DTX. The three
conversion processes were shown in Scheme 1.
In this work, the typical process of tailoring cotton cellulose to solu-
ble oligosaccharide DPW≈7
 
was described as following: cotton cellu-
lose was dispersed and dissolved in H3PO4 (85%) with an assisting
ultrasonic vibration for 3 h. And then the homogeneous and transparent
liquid was stirred bymechanically stirring at 55 °C for a duration of sev-
eral hours to produce soluble oligosaccharide intermixture. The degra-
dation solution was poured into water. After ﬁltration, the ﬁltrate was
concentrated by reduced pressure distillation and independently
poured into organic solvent (methanol, alcohol, acetone, or THF as pre-
cipitator). Finally, the soluble oligosaccharidewas collected by ﬁltrationC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Scheme 1. (1) Preparation of soluble oligosaccharide from cotton cellulose; (2) preparation of oligosaccharide–PPO; (3) graft reaction of oligosaccharide–PPO–DTX copolymer.
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oligosaccharide were characterized by GPC and FTIR, respectively.
In the follow-up experiment, we performed a general procedure to
synthesize oligosaccharide–PPO surfactant, and the process was as
follows: 100 mL n-heptane was ﬁrst poured into autoclave with
polytetraﬂuoroethylene jar. Then 25 g soluble glucose-oligosaccharide
and 0.25 g SnCl4 were added into the autoclave respectively. After stir-
ring for 15 min, propylene oxide was added according to preset adduct
numbers of PO (x) of soluble glucose-oligosaccharide to propylene
oxide. The reaction temperature was kept at 70 °C under a stirred
speed of 210 rpm for 8 h. At the end of the reaction, the raw product
was separated by ﬁltration. The ﬁlter cake was dissolved into the mix-
ture solution of n-propanol and water (volume, 10:3), then ﬁltrated
again to remove unreacted soluble glucose-oligosaccharide solid. The
ﬁltrate was concentrated under vacuum distillation and then dried inTable 1
Results for degradation of cotton cellulose in reaction and extraction systems.
Run Cont.(%)a Reaction time (h)b Precipitant Product yields (%)
1 3 10 Acetone 23.37
2 5 10 Acetone 28.08
3 7 12 Acetone 23.83
4 7 14 Acetone 29.96
5 7 10 Methanol 10.98
6 7 10 Alcohol 14.40
7 7 10 Acetone 36.83
8 7 10 THF 30.47
9 9 10 Acetone 36.94
a The mass fraction of cotton cellulose in H3PO4 mixture.
b Reaction condition: 55 °C water-bath.
c Determined by GPC.the vacuum at 30 °C for 24 h. The ﬁnal product was white powdery
glucose-oligosaccharide–PPO surfactant. The synthesis step of glucose-
oligosaccharide–PPOwas shown in Scheme 1 (2) and its chemical struc-
ture is conﬁrmed by 1H NMR.
Oligosaccharide–PPO–DTX graft copolymer was synthesized as fol-
lowing: 100 mL n-heptane was ﬁrst poured into the autoclave with
polytetraﬂuoroethylene jar. Then 80 mg DTX and preset dosage of
glucose-oligosaccharide–PPO surfactant (according to molar ratio of
DTX/glucose-oligosaccharide–PPO equal to 2:1, 1:1 and 1:2 respectively),
and 3 mg SnCl4 were added into the autoclave respectively. After stirring
for 30 min, 80 μL of propylene oxides was added into the autoclave. The
reaction temperature was kept at 30 °C under the stirred speed of
210 rpm for 4 h. At the end of the reaction, the rawproductwas separated
by ﬁltration. The ﬁlter cake was then dissolved with methanol; the
unreacted DTX was removed by ﬁltration once again and retrieved fromMolecular weights and molecular weight
distributions of oligosaccharidec
Glucose (w%)
DPw Mw PDI Purity (%)
6 1047 1.24 97.50 1.11
7 1123 1.25 96.14 5.86
7 986 1.25 95.79 3.35
6 1109 1.25 94.77 2.95
7 1213 1.18 100 0
7 1145 1.21 99.12 0.88
7 1146 1.28 96.90 2.56
8 1266 1.22 93.82 2.75
7 1156 1.28 94.65 4.01
Fig. 1. Evaluation of the cmc value of oligosaccharide–PPO surfactant (x = 20).
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then dried under vacuum at 30 °C to give the ﬁnal product glucose-
oligosaccharide–PPO–DTX graft copolymer with white powdery form.
The synthesis reaction of glucose-oligosaccharide–PPO–DTX graft copoly-
mer was shown in Scheme 1 (3). The chemical structure of glucose-
oligosaccharide–PPO–DTX graft copolymer was also conﬁrmed by NMR.
By optimizing the operation condition of tailoring cotton cellulose
(Scheme1 (1)) and precipitant selection for producing soluble oligosac-
charide, the purity of soluble oligosaccharidewas totally above 93%, and
the DPW of the soluble oligosaccharide calculated from weight-average
molecular weight (Ww) was successfully kept in the range of 6–8. The
soluble oligosaccharide presented a narrow molecular weight distribu-
tion, and it could be certiﬁed by a Polydispersity Index (PDI) smaller
than 1.3. Among the optimized experiments listed in Table 1, the prod-
uct yield of entry 7 was higher than the others and the purity of oligo-
saccharide was 96.90%, although the content of glucose was 2.56%, it
did not obviously affect the subsequent preparation of oligosaccha-
ride–PPO surfactant. Therefore, the preparation of oligosaccharide was
optimized as the content of cotton cellulose 7% at 55 °Cwith tailoring re-
action of 10 h and acetone as precipitator.
The structure of cotton cellulose and oligosaccharide was analyzed
by FTIR spectrum. It indicated that the ultrasonic vibration and H3PO4
medium did not alter any function from cotton cellulose to solubleFig. 2. a: 1HNMRspectra: (i)DTX inCDCl3, (ii) oligosaccharide–PPO–DTX inDMSO, (iii) oligosac
in D2O. b: 13C NMR spectra: oligosaccharide–PPO–DTX in DMSO.oligosaccharide with cellulose chain. The band at 1425 cm−1 was the
absorption peaks of CH2 stretching vibrations, and was characteristic
of cellulose [12]. Bands at 2900, 1375 [13], 1158, 1031, 893, 665 cm−1
were especially sensitive, caused by the crystallinity breakdown and
degradation of cotton cellulose.
In the follow-up experiment, we performed a general procedure to
synthesize oligosaccharide–PPO surfactant. The surface tensions of oli-
gosaccharide–PPO surfactants were analyzed by Du Noüy method
[14]. With the increase of adduct numbers of PO, the surface tension re-
duced. Although the ﬁve kinds of oligosaccharide–PPO surfactants had
the same hydrophilic head group (oligosaccharide), PO adduct numbers
depending on the Hydrophile–Lipophile Balance were different. There-
fore the long lipophile chain of PPO enhanced the surfactant surface ac-
tivity. The lowest breakpoint value of surface tension was 39 mN/m,
whichwas corresponding to themicelle formation point and criticalmi-
celle concentration (cmc) of oligosaccharide–PPO (x= 20). The cmc of
oligosaccharide–PPO (x= 20)was also conﬁrmed by steady-state ﬂuo-
rescence method [15]. As seen in Fig. 1, the two values were in good
agreement in 0.2 g/L.
In this work, the maximum drug loading ratio of the oligosaccha-
ride–PPO–DTX reached to 32.6 wt.% under the optimized synthetic con-
ditions with molar ratio of DTX to oligosaccharide–PPO of 2:1 and
duration of 4 h at 30 °C.
In order to give a better description of the chemical structure of oli-
gosaccharide–PPO–DTX, a group of comparable 1H NMR spectra and 13C
NMR spectra was presented comparatively in Fig. 2a. David had report-
ed that therewere three hydroxyl groups at the 2′, 7, and 10 positions in
paclitaxel molecule [16]. Ouahab conﬁrmed that reaction occurred pref-
erentially at the 2′ position due to the limited reactivity of the 7 and 10
positions [17]. DTX was a taxane similar structure of paclitaxel. Because
the disappearance of the resonance at δ = 4.62 ppm in Fig. 2a ii
corresponded to a change in resonance of the proton at the carbon 2′
position, it was believed that coupling reaction of the DTX to the oligo-
saccharide–PPO was carried out successfully [9]. Additionally, the oligo-
saccharide–PPO–DTX (Fig. 2a iii) presented the characteristic peaks of
DTX at 7.0–8.0 ppm (Fig. 2a i) and peaks of oligosaccharide–PPO at 3.0–
4.5 ppm (Fig. 2a iii), which also conﬁrmed the reaction. The oligosaccha-
ride–PPO–DTX was molecularly dispersed in DMSO, but formed micelle
in water. The hydrophobic parts DTX and PPO were packaged in the
center of oligosaccharide–PPO–DTX micelle in water medium, so their
characteristic peaks disappeared in Fig. 2a iv and v. Moreover, we had
measured the size of micelles by Nicomp 380ZLS laser granulometer,charide–PPO inDMSO, (iv) oligosaccharide–PPO–DTX inD2O, and (v) oligosaccharide–PPO
Fig. 3. The release mode of DTX.
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oligosaccharide–PPO–DTXwere about 278 nm and 905.5 nm, respective-
ly. But the sizes ofmicelles of glucose-oligosaccharide–PPO–DTXwere too
large. This could be because of the aggregate of several glucose-
oligosaccharide–PPO–DTX micelles after DTX adding to the terminal of
glucose-oligosaccharide–PPO.
The in vitroDTX release of oligosaccharide–PPO–DTXwas studied by
determining the amount of DTX released from the graft copolymer in
PBS [8]. 13.9% DTX was released rapidly in 3 h due to the hydrolysis of
DTX on the surface of glucose-oligosaccharide–PPO–DTX graft copoly-
mer, and almost total DTX was released on the 9th day as the result of
the hydrolyzation of a hydrolysis of ether bond between DTX and PPO
(Fig. 3). Those datumwere contextualized with respect to published re-
ports on taxane conjugates with respect to published reports on taxane
conjugates. For example, the release of PTX from water-soluble
carboxylmethyl dextran conjugates was rapid, with total release occur-
ring within 3–4 days. Release of DTX from PEG conjugates was more
controlled, with full release in 6 days. Release of DTX from Cellax was
over 21 days [18]. Conjugates with low drug content appear to exhibit
rapid release proﬁles which might lead to reduced blood circulation
time and efﬁcacy, so that 9 days of sustained release was observed.
In conclusion,we had designed a novel and biocompatiblemicelle of
oligosaccharide–PPO–DTX with oligosaccharide as a raw material
through the combination of graft with PO and DTX.We had synthesized
and characterized the novel products. In thiswork, thedifference to pre-
viouswork on the photo-induced degradation or enzymatic approaches
is the proposed chemical route. The oligosaccharide which was derived
from tailoring cotton cellulose in phosphoric acid medium, presented a
narrow molecular weight distribution, and the synthetic route was
more faster than others. The methods developed are well suitable for
the preparation of oligosaccharide for analytical purposes or model
reactions.
It is interesting to note that oligosaccharide–PPO (x=20) surfactant
showed the most surface active. The oligosaccharide–PPO–DTXpolymeric micelle displayed high drug-loading rate, which increased
the solubility of DTX signiﬁcantly and showed great potential for clinical
application and worthy of further research. In the previous literature,
glycosylation and ring-open reaction of PO had rarely been subtly ap-
plied in the synthetic route of polymeric micelle, so the novel synthetic
route provided a signiﬁcant motivation to develop excellent surfactant.
Signiﬁcantly, it may contribute to medical ﬁelds, such as drug coated in
industrial and biological systems.Acknowledgment
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